In the presence of electric fields, the low-energy electronic properties of AB-stacked few-layer graphene nanoribbons are studied by using the tight-binding model. They are strongly dependent on the geometric structures ͑the interlayer interactions, the ribbon edges, the ribbon width N y , and the ribbon number N z ͒ and the field strength. The interlayer interactions significantly affect density of states ͑DOS͒, energy gap ͑E g ͒, band structure, and free carriers. DOS exhibits many special structures including plateau, discontinuities, and divergent peaks. The effective electric field modifies the energy dispersions, alters the subband spacing, changes the subband curvature, produces the new edge state, switches the band gap, and causes the metal-semiconductor ͑or semiconductor-metal͒ transitions. In gapless zigzag ribbons, electric fields not only lifts the degeneracy of partial flatbands at E F but also induces an energy gap. E g is dependent on the ribbon width, ribbon edges, and the field strength. The semiconductor-metal transitions occur in both armchair ribbons and zigzag ribbons in the increase in electric fields. Due to electric fields, the above-mentioned effects are completely reflected in the features of DOS, such as the generation of special structures, the shift of peak position, the change in peak height, and the alternation of band gap. The predicted electronic properties could be examined by the experimental measurements on absorption spectra and transport properties.
I. INTRODUCTION
Graphite-based materials, such as layered graphites, onedimensional ͑1D͒ nanotubes, 1 zero-dimensional ͑0D͒ carbon toroids, 2 1D nanographite monoribbon, 3 and twodimensional ͑2D͒ nanographite multiribbons, 4 ,5 have attracted many theoretical and experimental studies due to the outstanding physical properties that are controlled by the geometric structure and dimensionality. The abovementioned materials can be obtained via the various arrangements of graphene ͑a monolayer graphite͒. The physical properties are shown to be dependent on the stacking types, e.g., the AA, AB, or ABC stacking. [6] [7] [8] Recently, the nanosized materials made up of graphene, e.g., 1D nanotubes and 1D monolayer graphene nanoribbon ͑GNR͒, have drawn much attention. 1D carbon nanotube is formed by shaping a graphene in a rounded form with a diameter in nanometer scale. Its electronic properties are closely related to the geometrical structure ͑radius, length, and chirality͒. A carbon toroid is the knitting of the two ends of a finite 1D nanotube in a loop. Both 1D nanotubes and 0D carbon toroids are close systems. In contrast, 1D monolayer GNR, which can be regarded as an unrolled 1D nanotube, is an open system described in terms of a combination of two kinds of edges, namely, zigzag and armchair edges. Furthermore, the pile of the identical 1D monolayer GNR with the AA, AB, and ABC stacking allows us to obtain 2D multilayer GNRs. By shredding a monolayer GNR along the x direction with the zigzag ͑armchair͒ edge structures, 1D zigzag ͑arm-chair͒ GNR is formed ͑Fig. 1͒. 1D GNR is a nanometer-sized graphene fragment with very strong sp 2 bonds and exhibits the interesting properties owing to the special geometric structure characterized by ribbon width and ribbon edge structures. All zigzag ribbons show the partial flatbands at Fermi level.
3 Such a unique property is attributed to the special edge structures of the zigzag ribbon. However, these band structures are not found in the armchair ribbon, which is metallic or semiconducting depending on its width. Geoa͒ Electronic mail: ychuang@cc.kyu.edu.tw. metric structures dominate the band structures of GNRs ͑Refs. 3, 9, and 10͒ and trigger many relevant studies, such as magnetic properties, [11] [12] [13] optical properties, 12-14 transport properties, 15 and the synthesis. [16] [17] [18] [19] 2D multilayer GNRs, the pile of infinite identical 1D GNR, are regarded as the shred of a layered graphite along the x direction with the zigzag ͑armchair͒ edge structures ͑Fig. 1͒. Its physical properties are found to be dependent on the geometrical structure ͑ribbon width, ribbon edge structure, and the stacking type͒. This layered system exhibits anisotropic energy dispersions, which strongly depends on the stacking type, along the stacking direction. Moreover, the in-ribbon-pane electronic properties are also modified due to the inter-ribbon interactions. The study results show that the inter-ribbon interactions and the stacking types play an important role in the magnetoelectronic properties and optical properties of the AA-and AB-stacked multilayer GNRs. 4, 5, 20 Recently, the high quality 2D carbon thin films, which are the stack of finite layers of graphene along the z-axis, [21] [22] [23] [24] are produced. These 2D systems, or the few-layer graphite ͑FLG͒, including the monolayer, bilayer, and trilayer graphenes, demonstrate some unique physical properties, such as the quantum Hall effect [25] [26] [27] [28] and electric-field modulated conductivity. On the other hand, the theoretical studies of the electronic and optical properties of FLG, which are clean and undoped materials, are reported. [29] [30] [31] [32] [33] They are strongly dependent on the geometrical structure ͑the interlayer interactions and layer numbers͒ and the strength of the applied electric field. Moreover, the electric properties of the FLG-based devices are likely to be controlled by the application of external gate voltage. The high mobility of electrons in FLG has also prompted a large number of examinations over FLG-based high speed electronic devices, such as electric field effective transport devices. 21, [34] [35] [36] [37] [38] The above studies arouse interests to further study the electronic properties of the 1D few-layer GNRs and the pile of finite layer of GNRs. By lowering the dimensionality of the system, the peculiar electronic properties of few-layer GNRs are expected.
The tight-binding method has been employed to investigate the electric-field-modulated electronic and optical properties of a 1D H-terminated monolayer GNR. 39 The dependence of electronic properties ͓energy dispersions, edge states, subband spacing, energy gap, and density of states ͑DOS͔͒ on the electric field and the geometric structures is discussed. The effective electric field modifies the on-site energies of the carbon atoms, and breaks the symmetry of a 1D GNR along the y-axis. It is found that the electric field modifies energy dispersions, destroys the degeneracy of energy bands, modulates the size of band gap, and causes semiconductor-metal transition ͑SMT͒. Moreover, the features of DOS and absorption spectra-the peak position and peak height-are influenced by the electric field.
In the following, the electric-field-modulated electronic properties of a 1D H-terminated multilayer GNRs are explored within the tight-binding method associated with the gradient approximation. The effects, caused by the electric field ͑field strength and field direction͒ and the geometric structures ͑ribbon number, ribbon width, and ribbon edges͒, on electronic properties are discussed. The present paper is organized as follows. Section II discusses how the Hamiltonian matrix elements describing electronic structures of a multilayer GNRs subjected to an electric field, perpendicular or parallel to the ribbon plane, are derived and how the elements are affected by the field strength, the ribbon number, the ribbon width, and the ribbon edge structures. Then, the electronic properties are discussed in detail in Sec. III. Finally, conclusions are given in Sec. IV.
II. THE TIGHT-BINDING METHOD
As shown in Fig. 1 , the AB-stacked ͑N y , N z ͒ GNRs are the pile of N z identical zigzag ͑armchair͒ monolayer GNR in the AB stacking sequence along the z axis. In the x-y plane, the hexagonal-symmetry carbon atoms form a GNR, where atom B is the nearest neighbor of atom A. The C-C bond length is b = 1.42 Å. The periodical length along the x-axis is I x = ͱ 3b ͑3b͒ for a zigzag ͑an armchair͒ ribbon. The number of zigzag lines or dimer lines along the y-axis N y denotes each ribbon width. In the AB order, half of atoms ͑A͒ lie directly above each other in the adjacent sheets and the other half ͑B͒ lie above the center of the hexagons in the adjacent layers. The inter-ribbon distance is I c = 3.35 Å. 6 There are 2N y ϫ N z carbon atoms in a primitive cell. The first Brillouin zone is defined by
Next, a uniform electric field parallel to the ŷ-axis ͑ẑ-axis͒, F y ͑F z ͒, is applied to the AB-stacked ͑N y , N z ͒ GNRs. Owing to the screening effect, the electrons of carbon atoms consequently go through an effective electric field. 40 In this work, the rigid structure and the tight-binding hopping integrals of the ribbons are presumed not to be modified by the electric field. Notably, the main feature and the trend of the electronic properties of AB-stacked ͑N y , N z ͒ GNRs in the absence or presence of an electric field can still be clear even though the tight-binding hopping integrals are not modified. Only the P z orbitals ͑ bands͒ are included herein, while the bands and the C-H bonds, of which both are far apart from the Fermi energy, are excluded. The effective electric field F y ͑F z ͒ merely adds an electric potential U =−eF y y ͑U = −eF z z͒ to the site energy of the orbital of carbon atom.
The tight-binding hopping integrals shown in Fig. 1 are as follows. The interaction between A and B atoms on the same ribbon is ␥ 0 . The interaction between two A atoms from two neighboring ribbons is ␥ 1 . The interaction between two B atoms from two neighboring ribbons is ␥ 3 . ␥ 4 represents the interaction between atom A and B from two neighboring ribbons. The hopping integral ␥ 5 is the interaction between two A atoms from the two next-neighboring ribbons. ␥ 2 is the interaction between two B atoms from the two next-neighboring ribbons. In the AB sequence, atom A's form the linear atom chains along the stacking direction, while atom B's form the zigzag textures along that direction. Therefore, the local chemical environment of atom A is dissimilar to that of atom B. Such a different chemical environment is reflected in the site energy ␥ 6 . Moreover, ␥ 5 is different from ␥ 2 . The values of ␥ 0 and ␥ i 's are taken from those of the AB-stacked graphite. 6 They are ␥ 0 = 2.598 eV,
␥ 2 = −0.014 eV, ␥ 3 = 0.319 eV, ␥ 4 = 0.177 eV, ␥ 5 = 0.036 eV, and ␥ 6 = −0.026 eV.
Under a transverse electronic field ͑F y ͒, AB-stacked ͑N y , N z ͒ few-layer zigzag GNRs have 2N y N z carbon atoms in a primitive cell. The associated Hamiltonian matrix is a 2N y N z ϫ 2N y N z Hermitian matrix. The 2N y tight-binding functions in the same ribbon could be regarded as one entity. The Hamiltonian matrix could be divided into N z ϫ N z blocks
.
͑1͒
Each block matrix ͑h 1,1 , h 1,2 , h 2 , or h 3 ͒ is a 2N y ϫ 2N y Hermitian matrix. The matrix elements ͑h ij ͒ 1,1 of the block matrix h 1,1 are as follows:
where y i is the position of atom A or B. The block matrix h 1,1 is the Hamiltonian matrix of the odd ribbon along the z axis.
The block matrix h 1,2 , which is the Hamiltonian matrix of the even ribbon along the z axis, is expressed as
is not the same as h 1,2 due to the geometrical structure of the AB-stacked ͑N y , N z ͒ zigzag GNRs. The inter-ribbon interactions ␥ 1 , ␥ 3 , and ␥ 4 bring about the block h 2 with the elements
The second neighboring interactions ␥ 2 and ␥ 5 lead to the block h 3 with the elements
As for AB-stacked ͑N y , N z ͒ armchair GNRs, the Hamiltonian matrix is arranged to be N z ϫ N z blocks. Each block matrix is a 2N y ϫ 2N y Hermitian matrix. The Hamiltonian matrix is
The block H 1 ͑H 1 ‫ء‬ ͒ is the Hamiltonian matrix of the odd ͑even͒ armchair ribbon along the z axis. The elements of the diagonal block H 1 are
others.
· ͑7͒
The elements of the off-diagonal block H 2 , due to the interribbon interactions ␥ 1 , ␥ 3 and ␥ 4 , are
The elements ͑H ij ͒ 3 of the block H 3 are
Energy dispersion E c,v is obtained by diagonalizing the Hamiltonian matrix. The superscript c ͑v͒ represents the unoccupied ‫ء‬ band ͑the occupied band͒. The Hamiltonian matrix under a perpendicular electronic field is described in the Appendix.
III. ELECTRONIC PROPERTIES
Three few-layer GNRs, N y = 40 zigzag, N y = 56 armchair, and N y = 57 armchair nanoribbons, are chosen for the model study. To begin with, the electronic properties of the N z =1 monolayer GNR in the presence of electric field are briefly reviewed. 39 In Fig. 2͑a͒ , the light dots present the band fea-tures in the absence of F. The occupied states E v ͑␥ 0 ͒ are mirror symmetric to the unoccupied ‫ء‬ states E c ͑␥ 0 ͒ about E F = 0. There exist partial flatbands and concave bands. The former along with subband index J = Ϯ 1 exists at / 3 Ͻ k x Յ / 2. In the presence of F y = 0.005 V / Å, the band structures are significantly changed in many aspects, such as the shift of energy dispersions, the change in subband curvature, the destruction of degeneracy of the partial flatbands, and the inducement of a band gap ͓the bold dots in Fig. 2͑a͔͒ . Two appreciably different and separate partial flatbands correspond to band edge of subband J = −1 and J = 1. The electric field could notably cause the metal-semiconductor transition ͑MST͒ for the N z = 1 monolayer nanoribbon. Figure 2͑b͒ shows the low-energy band structures of bilayer zigzag ribbons. These energy bands are no longer symmetric about the Fermi level. The band crossing or the hybridization happens far away from E F = 0. The interlayer interactions mainly affect the energy bands near the zone boundary. There are four partial flatbands at low energy. Two partial flatbands are situated under the Fermi level E F = 0. The others are merged near at E F = 0. The two sets of partial flatbands are separated and an energy difference ⌬E at k x I x / 2= / 2 is derived because of the interlayer interactions. There is no band hybridization among them. In short, the interlayer interactions could destroy the state degeneracy, but the partial flatbands remain unchanged. The effective electric field leads to the change in subband curvature, the production of extra band-edge states, the alternation of subband spacings, and the MSTs ͓as shown in Figs. 2͑c͒-2͑f͔͒ . It is noted that the E F of the systems in the presence of electric fields is set at the zero energy. The transverse ͑perpendicular͒ electric field F y ͑F z ͒ can also open a band gap, cause the subband ͑anti͒crossing, alter the band feature, change the band spacing, and destroy the partial flatbands degeneracy. F y not only induces the change in subband curvature, that is, from parabolic bands to nonparabolic bands, but also changes the size of band gap at k x I x / 2 = / 3 in the N z = 2 zigzag ribbons ͓Fig. 2͑c͔͒. Such band gap, similar to bilayer graphene, can be effectively controlled externally by applying a gate bias. 41 The two sets of the partial flatbands, viewed as the highly degenerate states at k x I x / 2 = / 2, are easily separated and obviously destroyed by F y . The partial flatbands still exist under a very strong transverse field ͓Fig. 2͑d͔͒. The ⌬E is enlarged as the transverse field strength increases. The value of ⌬E is proportional to F y . In other words, the stronger the field is, the larger the ⌬E will be. Moreover, the transverse field causes the crossed subband anticrossing at ͉E͉ Ն 0.2␥ 0 about k x I x = / 3 and produces new band-edge states near E F = 0. In contrast to bilayer zigzag ribbons, the anticrossing bands of four-layer zigzag ribbons are hardly induced by F y about k x I x = / 3 in Fig. 2͑e͒ . These bands cross each other at a certain range of wave vector about k x I x = / 3. The electric field F y = 0.01 V / Å also destroys the partial flatbands degeneracy at k x I x / 2= / 2. Now, an electric field perpendicular to the ribbons planes is applied to few-layer GNRs. For simplicity, the electric field is presumed ineffective on the rigid structure of fewlayer GNRs, and it merely results in the advent of an electric potential ͑−eF z z͒, which depends on the site energy of a carbon atom. Here, field F z is an effective field because of the screening effect. The effects due to the uniform electric field depend on the strength and the direction. Figure 2͑f͒ exhibits the low energy dispersion of the zigzag bilayer ribbons at F z = 0.1 V / Å. The perpendicular electric field leads to much more anisotropic structures than the transverse electric field does. The energy dispersions below E F are almost symmetric to those above E F about E F . Furthermore, F z not only strongly distorts the energy dispersions near E F but also causes the occupied partial flatbands crossing each other near
Electronic properties are strongly affected by the edge structure and the ribbon number. The armchair monolayer GNR can be divided into semiconductor ribbon and metal ribbon ͑as N y =3I + 2, with I as an integer͒ ͑the main features in Refs. 4 and 39͒. There are more 1D energy bands as the number of ribbons grows. Figures 3͑a͒-3͑c͒ show the electronic structure of the N y =56 ͑N y =3I +2͒ armchair bilayer ribbons with F y = 0, 0.005, and 0.01 V / Å, respectively. The Fermi level is hardly affected by N z . E F = 0 is used in this study for simplicity. The interlayer interactions appreciably destroy the symmetry of band structure. They strongly affect the energy dispersions of the special energy bands. The lowenergy band structure has two parabolic bands merged at E F =0 ͓Fig. 3͑b͔͒, but two linear bands stay unchanged. The two linear bands are presented in the armchair monolayer GNR with N y =3I + 2. Their DOS is constant ͓the light curves in Fig. 6͑a͔͒ . The effective electric field significantly modu- lates low-energy dispersions ͓Figs. 3͑b͒ and 3͑c͔͒. It produces new edge states, causes some subband anticrossing, alters the band spacing, changes the subband curvature, and opens a band gap likewise. Remarkably, F y can open a band gap and then close the band gap, which further induces the MST and SMT ͓the light curve in Fig. 4͑b͔͒ . The electronic properties are very sensitive to the ribbon width and the field strength. As shown in Fig. 3͑d͒ , at F y = 0, the N y =57 ͑N y =3I͒ armchair bilayer ribbons exhibits the 1D parabolic bands and a bad gap near E F . The N y = 57 armchair bilayer ribbons is a semiconductor. The band-edge states of the 1D parabolic bands are located at k x = 0. The neighboring energy dispersions with index J = 1 and J =2 ͑J = −1 and J =−2͒ subbands become closer with each other in energy as k x grows. The electronic structure is affected by the interlayer interactions. Apparently the symmetry of band structure about E F is absent. At F y = 0.005 V / Å, the electric field not only alters the features but also shifts the band-edge states of the J = Ϯ 1, Ϯ2, Ϯ3, and Ϯ4 subbands. F y enhances the energy spacings between these subbands at larger k x , causes the J = Ϯ 1 subbands to oscillate at lower k x , and changes the size of band gap near E F ͓Fig. 3͑e͔͒. With the increasing of the field strength, the subbands clearly move further apart at larger k x , the J = Ϯ 1 oscillating subband curvatures are even more prominent, and the band gap gets closer at small k x ͓Fig. 3͑f͔͒. Compared with the fact that armchair nanoribbons do not possess edge states, edge states do exist in zigzag nanoribbons, which can be delocalized toward the interior of the ribbon and can give rise to flatbands at the Fermi level.
3 Ultrahigh vacuum scanning tunneling microscope ͑STM͒ observations have demonstrated the presence of such edge states. 42, 43 Recently, Castro et al. 44 discussed the existence of boundary states at the zigzag edges of few-layer GNRs.
The dependence of the band gap E g on the ribbon number and the field strength is further examined. According to the Landauer-Buttiker theory, 45 in 1D GNRs, the net electric and thermal conductance could exhibit the quantized phenomena. 46 At very low temperature, the electrical and thermal conductance are proportional to the number of 1D subbands intersecting with the chemical potential. The energy gap could be easily modified by the electric field strength and direction so that the MST would occur in certain ranges of electric field strengths and directions. In such ranges, the chemical-potential-dependent electrical and thermal conductance consequently shows the plateau behavior. E g 's of the AB-stacked zigzag GNRs with N z =1, 2, 3, and 4, respectively, is shown in Fig. 4͑a͒ , which is quite sensitive to the field and the layer number. For a monolayer zigzag GNR, the E g is zero in the absence of electric field. Initially E g increases with F y , reaches a maximum value, and then slopes down. As to trilayer and four-layer zigzag GNRs, they were found to exhibit complete energy gap modulations ͑E g oscillate with the increasing F y ͒. E g first climbs with F y and reaches a maximum value and then declines to zero gap. Thus the SMT occurs. The E g is reopened when the strength increases. That is to say, F y induces the MST. As for bilayer zigzag GNRs, E g exhibits a quite different property when the field strength varies. E g is not equal to zero in the absence of electric fields, which suggests that bilayer zigzag GNRs is a semiconductor. E g of bilayer zigzag GNRs first increases with the field strength and reaches a maximum value and then declines to zero gap. Thus, the SMT occurs. In the subsequent increase in field strength, E g goes to the next maximum value and then declines. The E g of bilayer zigzag GNRs also exhibits the pronounced oscillatory behavior with SMT and MST when the field strength increases. E g 's of armchair GNRs are sensitive to the ribbon width, the ribbon number, and the field strength. Figure 4͑b͒ shows E g for armchair GNRs with different N z and N y versus the field strength. In the absence of electric fields, all the N y =3I ͑N y =57͒ armchair GNRs are semiconductor due to the existence of a finite gap at E F . The more the N z is, the smaller the E g will be. The size of gap begins to reduce as the field strength is larger than threshold value. Finally, the band gap is closed. The electric field can also induce SMT in the armchair GNRs. For N z Ն 2 multilayer armchair GNRs, the E g is reopened when the strength increases. The E g also oscillate with the field strength. The more the N z is, the more the oscillating E g will be. E g versus the field strength for the bilayer N y =3I +2 ͑N y =56͒ armchair ribbons is shown by the light curve in Fig. 4͑b͒ . At F y = 0, the bilayer N y = 56 armchair GNRs is metal. It results in the zero band gap, due to the fact that the subbands of J = −1 and J = 1 are merged at E F ͓Fig. 3͑a͔͒. With the increase in the electric field strength, E g of bilayer N y = 56 armchair GNRs is also induced the visible oscillatory behavior with MST and SMT subsequently. Variations in the electronic structures of the materials with field strength and direction will also be reflected in the electrical and thermal conductance. Moreover, by varying the electric field strength and direction, the quantized features of the electrical and thermal conductance may provide a basis for new applications in nanocarbon-based electric field-effect devices, such as ballistic metallic/semiconducting GNRs devices [47] [48] [49] [50] [51] and electric field effective transport devices. 21, [34] [35] [36] [37] [38] [47] [48] [49] [50] [51] The properties of band structures are also reflected in DOS. DOS of multilayer GNRs with finite N z is defined as
⌫͑=10 −3 ␥ 0 ͒ is the phenomenological broadening parameter. DOS will exhibit many divergent peaks in the asymmetric square-root form ͑the van Hove singularities͒, mainly owing to the 1D parabolic bands. The height of the peak is proportional to the inverse square root of the subband curvature ͑or the square root of the electron effective mass m ‫ء‬ ͒. Except for linear subbands, the corresponding DOS will be constant values. The peak energies correspond to the band-edge state energies, and the energy gap can also be determined by the first peak energies. The geometric structure has great influence on DOS of zigzag nanoribbons in the absence of electric field. The light curves in Fig. 5 are DOS of the N y =40 zigzag nanoribbons with N z = 1, 2, 3, and 4, respectively. DOS chiefly exhibits a lot of special structures. There are the delta-function-like peak, the 1D power-law divergences, and the compound peak. The three kinds of peaks are related to the partial flatbands at E F or near E F , the parabolic bands, and the hybrid or the crossing bands along k x , respectively. There are more divergent peaks in the increasing of the ribbon number, e.g., the N z Ն 2 zigzag nanoribbons ͓light curves in Figs. 5͑b͒-5͑d͔͒. Around = 0 are N z delta-function-like peaks. Their peak positions ͑peak height͒ are not symmetric about = 0 due to the energy-dependent interlayer interactions.
The electric field greatly influences DOS in the lowenergy region. DOS, with the transverse electric field ͑F y = 0.005 V / Å͒, exhibits many divergent peaks ͑the heavy curves in Fig. 5͒ . The parabolic bands lead to the square-root divergences at ͉͉ Ն 0.1␥ 0 frequency range. The partial flatbands induce the delta-function-like divergence at ͉͉ Յ 0.15␥ 0 . It is worthwhile to notice that the N z pairs deltafunction-like peaks are split and separated by the F y about = 0. The F y induces a band gap and thus causes the MST. The size of band gap is very sensitive to the ribbon number N z . The more the N z is, the smaller the E g will be. DOS of the N y = 40 ribbons at F z = 0.05 V / Å with N z = 2, 3, and 4, respectively, is shown by the dash line in Figs. 5͑b͒-5͑d͒. The perpendicular electric field ͑F z ͒ causes the peaks to shift and changes the peak height. DOS also shows the three kinds of structures ͑the delta-function-like peak, the 1D power-law divergences, and the compound peak͒. Moreover, the more layers the ribbon has, the more peaks DOS presents.
In addition to the electric field, the ribbon number ͑N z ͒ and the boundary condition influence the band structure and then DOS. At F = 0, there exist the plateau and the 1D powerlaw divergences in DOS of the N y = 56 monolayer GNR ͓the light curve in the Fig. 6͑a͔͒ . The low-energy plateau comes from the linear bands. Due to the degenerate parabolic bands, the N y = 56 ribbons show few 1D power-law divergences. When F y is up to 0.005 V / Å and N z Ն 2, the main feature of DOS changes, and the plateau disappears at =0 ͓the light curve in the Figs. 6͑b͒-6͑d͔͒. Remarkably, the effect of F y on the band gap is manifested by the change in first peak energies. F y can open a band gap, and then close the band gap, thus, induces the MST and SMT ͓the light curve in Fig.  4͑b͔͒ . It also shifts the DOS peaks at the high energy region. With the increase in N z , the E g of N y = 56 armchair ribbons is closing little by little. As shown by the bold curve in Fig.  6͑a͒ , DOS of the N y = 57 ribbon at F = 0 mainly exhibits the 1D power-law divergences which stem from 1D parabolic bands. This ribbon is a semiconductor due to the existence of the band gap around = 0. When N z Ն 2, all of the N y 3I + 2 armchair ribbons are also semiconductor because of E g 0 at F = 0 ͓Fig. 4͑b͔͒. DOS at F y = 0.005 V / Å chiefly exhibits two kinds of structures ͓the bold curves in Figs. 6͑b͒-6͑d͔͒. There are the 1D power-law divergences and the compound peaks. The latter are made up of the 1D parabolic bands and the oscillating bands. Besides, the more layers the ribbon has, the more peaks DOS presents. The peak position and peak feature, as we can see, clearly rely on the ribbon number. It is worthwhile to notice that the ribbon number not only changes the feature of DOS but also closes band gap gradually. The DOS peaks are closely related to the absorption peaks in optical spectroscopy experiments. [52] [53] [54] [55] [56] [57] [58] The effects of the materials with field strength and direction on the DOS peaks could also be found in the optical absorption peaks. For example, the frequency of the first absorption peak, or the energy gap, is significantly affected by the materials with electric field strength and direction.
IV. CONCLUSIONS
In this work, we studied the electronic properties of AB-stacked GNRs under a transverse ͑perpendicular͒ electric field. Electronic structures, energy gaps, and DOS are calculated from the tight-binding model. The interlayer interactions, the ribbon width, the ribbon number ͑N z ͒, and the field strength are closely related to them. The interlayer interactions significantly affect DOS, energy gap, band structure, and free carriers. DOS exhibits many special structures, including plateau, discontinuities, divergent peaks, the deltafunction-like peaks, and the compound peaks. Their peak positions ͑peak height͒ are not symmetric about = 0 due to the energy-dependent interlayer interactions. The effective electric field modifies the energy dispersions, alters the subband spacing, changes the subband curvature, produces the new edge state, switches the band gap, and causes the MST ͑or SMT͒. In metallic zigzag ribbons, the degeneracy of flatbands at E F is lifted by the electric field. Meanwhile, an energy band gap E g , depending on the field strength, is induced. As the field strength increases, the MST occurs in the zigzag ribbons. The SMTs occur in both armchair ribbons and zigzag ribbons in the increase in the electric field. The above-mentioned effects due to electric fields are completely reflected in the features of DOS, e.g., the generation of special structures, the shift of peak position, the change in peak height, and the alternation of band gap. The predicted electronic properties can be verified by STM conductance and optical absorption measurements.
͑A1͒
where I c is the inter-ribbon distance ͑I c = 3.35 Å͒. The block matrix h 1,1 is the Hamiltonian matrix of the odd ribbon along the z axis. The block matrix h 1,2 , which is the Hamiltonian matrix of the even ribbon along the z axis, is expressed as 
· ͑A4͒
The second neighboring interactions ␥ 2 and ␥ 5 lead to the block h 3 with the elements ͑h ij ͒ 3 = Ά ␥ 5 /2 if j = i, j is odd, ␥ 2 /2 if j = i, j is even, 0 others.
· ͑A5͒
As for AB-stacked ͑N y , N z ͒ armchair GNRs, the Hamiltonian matrix is arranged to be N z ϫ N z blocks. Each block matrix is a 2N y ϫ 2N 
͑A6͒
The block H 1 ͑H 1 ‫ء‬ ͒ is the Hamiltonian matrix of the odd ͑even͒ armchair ribbon along the z axis. The elements of the diagonal block H 1 are 
· ͑A7͒
The elements of the off-diagonal block H 2 , due to the interribbon interactions ␥ 1 , ␥ 3 and ␥ 4 are 
